Abstract-The limiting efficiencies of GaAs solar cells when used under concentrated sunlight are calculated. An assessment of the benefits to be expected from applying techniques which restrict the angle of acceptance of the cell is made. It is concluded that by restricting the acceptance angle the emission of the luminescent photons and therefore the associated current loss are reduced. As a consequence of this effect, a limiting efficiency close to 39% results for concentration ratios of about 1000 suns AM1.5 Direct. For lower concentration ratios, the limiting efficiency decreases if Auger recombination is also taken into account.
I. INTRODUCTION
The limiting efficiency of semiconductor solar cells has been calculated in the past from first principles [1]- [3] , considering that losses are due to radiative recombination processes only.
It has been demonstrated, however, that Si solar cells are limited by Auger recombination, rather than by radiative recombination [4] - [7] . To reduce Auger recombination, very thin Si cells (20-50 pm) are needed, together with the use of light-trapping techniques [ 5 ] . And even thinner devices could be used, with still further improvements predicted, if techniques which restrict the angle of acceptance of the incoming light [6] -[SI were employed.
It was the purpose of this work to make a quantitative assessment of the benefits to be expected from applying to GaAs cells similar techniques of restriction of the acceptance angle to that strictly necessary to collect the incoming light. It was found that this directbandgap semiconductor is limited by luminescent emission and therefore by restricting the acceptance angle the emission of luminescence photons and its associated current loss is decreased and, consequently, a gain in efficiency can be obtained, without the need of sophisticated trapping techniques.
THEORY A N D CASES OF STUDY
Our approach analyzes an idealized device which basically consists of an absorbing semiconductor layer characterized by its energy gap E,, refractive index n, absorption coefficient a , and thickness W . The quasi-Fermi levels are splitted by qV uniformly, due to illumination and load conditions, consequently giving rise to current losses due to radiative and nonradiative recombination processes. The general expressions for the calculation of the solar cell characteristics are summarized in Table I . These expressions were obtained as a straightforward generalization of expressions in previous studies [3] , [4] , [6] .
S, ( E ) is the incident solar photon radiance for a given one-sun spectrum, X is the number of suns, a ( E , p ) is the absorbance of the semiconductor (taken as zero outside the solid angle of acceptance 28), and b ( E , T ) is the flux of black-body photons, per unit energy and solid angle, corresponding to the air considered as the TABLE I  SUMMARY OF THE EXPRESSIONS USED IN THE CALCULATION OF THE 
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n optical medium surrounding the cell. C,, and Cp are the Auger coefficients and T and S are the SRH lifetime and surface recombination velocity, respectively, assumed to be the same for both carriers. Besides the equations in Table I , the general relationships pn = n: exp ( q V / k T ) and the charge neutrality equation were used where necessary. Two different structures have been analyzed: For that referred to as "Dl-structure" the back surface of the device is a perfect reflector and therefore the radiation occurs through the front surface to the air. Such a situation can be approached, in practice, by a silicon solar cell. But the very thin active regions of GaAs solar cells must normally be epitaxially grown on a semiconductor substrate. Therefore, unless very effective post-processing thinning techniques are used, the substrate constitutes a photovoltaically passive optical medium at the back of the active device, having the same index of refraction and therefore the device will have luminescent losses because of radiation to the air and to the substrate. This case will be referred to as "D2-structure."
STEP FUNCTION ABSORBANCE AND RADIATIVE
RECOMBINATION ONLY It is illustrative to consider first the case for which the luminescent current losses are much higher than any other recombination losses. This case is important from a basic point of view and because it would happen to hold for GaAs solar cells, if via intermediate levels and surface recombination could be neglected.
In our calculations, the restriction of the acceptance angle is modeled by considering that the absorbance has a value of unity for the radiation reaching the cell within the acceptance angle, 28, and zero outside that angle. This means that our devices have a perfect, angularly selective antireflective coating on its front surface.
The photo-generated current for our ideal devices ( a = 1 ) exposed to one-sun illumination JLI depends on the spectrum of the 0018-9383/90/0500-1402$01 .OO 0 1990 IEEE incident radiation and is a decreasing function of the semiconductor bandgap E , (Fig. 1 ). For the calculation of the luminecent losses, an approximate analytical solution of (3) can be found to be
with r ( 0 ) = sin2 0, for D1-structures and r ( 0 ) = sin2 0 + n 2 for D2-structures. m,. and m,, are the electron and hole effective masses, respectively.
The angular selectivity included in our analysis represents a generalization with respect to previously reported works. Thus D1-structures with no angular selectivity, 0 = 7r/2, have been considered in [5] and D2-structures, with the same restrictions, in [3] . for D1-structures. As can be noted, the performance of the cells is obtained as a function of the concentration and the solid angle 20.
But the concentration ratio and the solid angle are related. From the brightness conservation theorem, it can be demonstrated that the achievable concentration ratios are limited by the following relationship:
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BANDGAP ENERGY E g (eV) Fig. 3 . Conversion efficiencies as a function of the bandgap energy, for the photocurrents of Fig. 1 and radiative recombination only, The curve labeled "limit" corresPonds to the case "oc = E~/ k T a n d
In the way we have written (8) , the dependence of V,, on X and 0 is explicitly shown. It is important to observe that the dependency is produced through the ratio X/sin2 0 and therefore the same result can be obtained by increasing X as by decreasing 0 (Fig. 2) .
if the incident optical medium is air and where 0, is the solid semiangle of the sun. For 0, = 0.267", (9) establishes a maximum value of X = 46050 for the highest achievable concentration.
As the fill factor vanes only slightly with V,,, the shape of the variation of the solar cell efficiency is almost entirely determined by the product JL V,, and, as JL decreases with EG and V,, increases, the efficiency shows a maximum, as can be seen in Fig. 3 . Again, different spectra have been considered and different values of X/sin2 0 have been taken as a parameter. The absolute limit for the efficiency has also been calculated by fixing the V,, value to E, and considering a fill factor of unity.
It is interesting to note that the curves of Fig. 3 show a shift of their maximum efficiency to lower values of E, as the parameter X/sin2 I9 increases. At high values of that parameter, the optimum material lies in the range of 1.1-1.2 eV, where Si is located. However for Si, and other indirect gap materials, Auger recombination poses a more restrictive limit than the radiative one. So, the advantages predicted in Fig. 3 should be more conveniently approached by direct-gap materials of the same energy gap, for example some ternaries of the InGaAs family.
IV. AUGER RECOMBINATION VERSUS LUMINESCENT EMISSION
LOSSES Since we are more interested in the high-concentration cases, the cell will most likely operate in high injection conditions and, consequently, the ultimate limiting mechanism for a given semiconductor will be determined by the relationship between the luminescent losses and the Auger losses corresponding to high injection. The Auger recombination given by (4) tends to settle towards an asymptote of the form J = JAHo exp ( q V / r n k T ) . For high injection JAHo = qW(C, + C,)rz? and m = 2/3.
( 10)
By comparing (7) and (10) it can be seen that Auger and luminescent losses will be equal for a current density For J greater than Jx, the Auger recombination is dominant and for J lower than Jx, the radiative recombination dominates. For GaAs, f ( E G ) is greater than for Si while the value of the denominator tends to be lower. Therefore, Jx is much higher for GaAs than for Si. By considering C,, = 1.22 X lo-)", C, = 0.44 X lo-'' cm6 . s-' [9j, and n, = 1.21 X 10" c r K 3 , for Si and C,, = 1.8 X C, = 1.2 X lo-)' cm6 . s-' [lo] , and rz, = 1.67 X IO6
for GaAs, a value of Jx = 5 X lo3 A/cm2 can be calculated for a GaAs sample 2.5 pm thick and a value Jx = 5.9 X lo-' A/cm2 for a Si sample 20 pm thick ( r ( 0 ) = 1 in both cases).
Hence it is clear why radiative recombination will constitute the most severe intrinsic limit for GaAs cells while Auger is the limit for Si cells. For very angular selective GaAs cells, however, r ( 19) decreases and for low enough values of 0, the value of Jx can decrease so much that the Auger recombination could dominate, even for GaAs cells.
V. CONTINUOUSLY VARYING ABSORBANCE: THE CASE OF GaAs
For real semiconductors the absorption coefficient a will always be a continuous function of the energy and so will be the absorbance. For a cell with a D1-structure a ( E , p ) = 1 -exp (-2aW/cos p), where the factor 2 accounts for the double pass of the light ray due to the reflecting back surface. For cells with D2-structure a ( E , p ) = 1 -exp (-aW/cos p). Taking these expressions into account for absorbance, the evaluation of the currents according to (2) and (3) will result in values of J L l and J,, dependent on W and 8. The calculations can be further simplified by considering a p-independent average absorbance a ( E ) within the solid angle of acceptance.
For the cases for which the SRH and Auger components can be disregarded, the efficiency tends to saturate at high values of thickness. This leads to approximately the same values of efficiency calculated before for a = l . The Auger recombination, however, is an unavoidable intrinsic process and consequently there is always a finite thickness for the semiconductor slab corresponding to a maximum value of the efficiency smaller than that of unity absorbance. However, as shown in Fig. 4 , the performance of a GaAs cell is significantly degraded for Auger recombination only for highly nonisotropical GaAs cells for which the luminescent losses are strongly reduced. In Fig. 4 , the calculated limiting efficiencies of GaAs cells are also compared to those of Si cells, calculated considering an absorbance of a ( E ) = a / [ a + sin2 0/4n2W] as proposed in [6j for fully randomized trapped light. Our results for Si are slightly lower than those reported in [6] because the Auger coefficients taken from [9] are slightly higher. The absorption coefficient for Si was taken from [ 11 j and that for GaAs from the table given in [ 121.
VI. RECOMBINATION VIA DEFECTS AND SURFACES: PRACTICAL CONSIDERATIONS To take advantage of this superior potential, however, it is necessary to get rid of the undesirable recombination via defects and surfaces that can dominate in practical GaAs cells. By comparing the luminescent losses, (3) , to the asymptotic behavior of the viatrap recombination losses given by (5) As (12a) and (12b) show, there is still the possibility of reducing the defect-dependent recombination losses by decreasing the thickness of the active region of the device, provided that some lighttrapping procedure is used simultaneously. This approach, however, lcads to very thin layers for which some of the effects not considered in our model, such as series resistance, could become vcry serious. A detailed study of this approach is out of the scope of this study.
At cell surfaces, the asymptotic behavior of (6) for low-injection operation can also be compared to the luminescent losses. These losses will dominate if For NE = 5 X lo" cm-3 the bound would be about 1100 cm/s. Again this value is not outside practical possibilities because lower surface recombination velocities have been measured experimentally.
VII. CONCLUSIONS
The most important conclusions derived from our work can be summarized as follows:
1) The limiting efficiencies of both GaAs and Si can be raised to roughly 39% at high concentrations AM1.5D illumination, by using techniques for restricting the angle of acceptance.
2 ) The potential of GaAs solar cells is clearly higher than that of Si cells for concentration systems because in those conditions of operation GaAs cells are limited by radiative recombination while Si cells are Auger-limited.
3) For small acceptance angles, the radiative recombination losses can be so considerably reduced that Auger recombination losses can become the limiting factor for GaAs as well as for Si cells. This effect is responsible for the drop in efficiency shown in Fig. 4 for low concentrations and a small acceptance angle.
4) All the above conclusions require a perfect back-surface mirror, which implies a fairly thin device for the case of GaAs. Such a device is technologically feasible, in principle, by using techniques such as CLEFT [15] . For the most common thick device which radiates part of its luminescent emission into the semiconductor substrate, the benefits of angular selectivity are almost entirely lost (see Fig. 4 ). Nevertheless, efficiencies are high and the simplicity of conventional GaAs structures could compete favorably in practice with the more sophisticated Si cells which would need angle restrictions and light trapping to give the same efficiencies.
In summary, GaAs solar cells represent a qualified candidate for very high concentration systems with an efficiency potential superior to that of Si. Nevertheless, the potential of GaAs cells is far from being exploited. To take advantage of such a potential, better quality materials (higher lifetimes and diffusion lengths) are required in order to get nd of the influence of the recombination losses via defect levels. Alternatively, devices with thinner active layers can be considered together with the use of light trapping techniques; but this approach seems to be much more demanding from a technological point of view.
